Abstract. The paper presents numerical simulation of the characteristics of cavitation flow in a centrifugal pump impeller. Analysis was performed by OpenFOAM code. A two-phase cavitation model which includes the local vapor volume fraction and having the spatial and temporal variation of the vapor fraction was introduced. Simulation results show that the cavitation of the centrifugal pump mainly occurs in the impeller region. At the tip of the impeller pressure side, the pressure is higher than the critical pressure resulting in cavitation bubble collapse. The cavitation damage will occur here.
Introduction
Cavitation has always been the major problem in fluid machinery internal flow research. It can give rise to erosion damage, noise, vibration and hydraulic performance deterioration. For a centrifugal pump, the cavitation will occur in the flow passage components when the working pressure is lower than the vapor pressure. This will lead to reduced its performance and life. Therefore, it is necessary to study the internal cavitating flow in a centrifugal pump. Medvitz et al. [1] analyzed centrifugal pump performance under developed cavitating conditions by a multi-phase CFD method. The mixture momentum and volume continuity equations are solved along with vapor volume fraction continuity. Mass transfer modeling is provided for the phase change associated with sheet cavitation. They observed characteristic performance trends associated with off-design flow and blade cavitation and captured the rapid drop in head coefficient at low cavitation numbers for all flow coefficients. Friedrichs et al. [2] investigated two similar centrifugal pump impellers of low specific speed by experiments. Both impellers show rotating cavitation over a wide range of part load operating points. The occurrence of this phenomenon produces a characteristic shape of creeping head-drop compared to the more usual sudden head-drop at ''normal'' operation points. The evelopment of this instability mechanism was illustrated by video and high-speed camera techniques, which is mainly driven by an interaction of the cavity closure region and the following blade. Bachert et al. [3] investigated unsteady effects of cavitation at the tongue of the volute of a entrifugal pump. The information about the velocity field outside and inside the cavitating zone were obtained by use of particle image velocimetry combined with special fluorescent particles. The results imply that cloud cavitation similar to the one seen on single hydrofoils appears on the tongue. Škerlavaj et al. [4] refurbished a double suction storage pump and analyzed performance of the old and the new impeller with the commercial solver Ansys CFX. The predicted pump head at the operating point agrees well with the pump characteristics measurements, performed with the direct thermodynamic method. Černetič et al. [5] discussed different kinds of measurement ways to detect the cavitation in a centrifugal pump with noise and vibration signal in audible frequency range from 20 Hz to 20 kHz and analyzed the measurement uncertainties for cavitation detection in broad frequency range and at a discrete frequency. Tang et al. [6] used a cavitation model with thermodynamic effects together with the RNG  -k turbulence model to study the cavitation performance of a diffuser-type centrifugal pump. The results show that cavitation initially occurs slightly behind the inlet of the blade suction surface, i.e., the area with maximum vapor concentration and minimum pressure. The predicted temperature field shows that the reduction in temperature restrains the growth of cavitating bubbles. LI et al. [7] investigated the periodically unsteady pressure field and head-drop phenomenon caused by leading edge cavitation with CFD method. The results were compared with experimental data under non-cavitation and cavitation conditions and a good agreement was obtained for the global performance. Limbach et al. [8] use Ansys CFX to predict the performance and NPSH curve of a centrifugal pump at very low specific speed for both, design and off-design conditions. In all cases, an entire numerical model was used which containe the impeller, the volute casing, the side chambers as well as suction pipe and pressure pipe. they assessed the global performance of the pump in terms of pressure head, power consumption and pump efficiency for cavitating flow conditions.
In this paper, Simulation of the Characteristics of Cavitation Flow in a Centrifugal Pump Impeller was simulated using OpenFOAM code. In our numerical simulation, the k   SST turbulence model for the Reynolds averaged Navier-Stokes equations for water and a mixture cavitation model for the mass transfer by Kunz et al. [9] is employed in OpenFOAM code.
Governing Equations and Cavitation Model
The governing equations include the mixture Navier-Stokes equations and a two-phase cavitation model.
Continuity equation of mixture：
Where  is the density of the mixture of cavity phase and liquid phase, u is the Reynolds averaged relative velocity. Continuity equation of cavity phase:
where v  is the volume fraction of cavity phase; v  is the density of vapour cavity phase; and m is the mass transfer between vapour and liquid phase.
Momentum equations of mixture:
where, p is the static pressure;  is the viscosity of mixture; t  is the eddy viscosity of mixture.
The density of the mixture  and the viscosity of mixture  can be expressed as
(1 ) The expression of mass transfer rate in (2) is based on the ideas of Kunz et al. [9] . The vaporization, 
Numerical Algorithm
For the simulations presented in this paper, a second order implicit time scheme is used combined with second order linear interpolation in space, except for the convective terms. The time step is 0.0001126s. The iterative solvers are considered converged when the residuals have been reduced by a factor of 10 -5 . The pressure-velocity coupling is handled via a PISO procedure. Before entering the PISO-loop, the vapor volume fraction transport equation is solved as well as a momentum predictor step. The mass transfer terms are incorporated into the pressure Poisson equation as a split source term with the part including the pressure is treated implicitly, whereas the rest is treated explicitly Figure 1 shows the calculation domain of the centrifugal pump. The parameters are listed in Table 1 . The computational grid of the centrifugal pump is generated using ICEM CFD, including impeller and volute-type casing with 20,800,000 elements was used. After importing the meshed geometry in OpenFOAM, it is divided into two domains namely impeller and casing, in which impeller is rotating domain and casing is stationary domains. The element number of impeller domain is 12,600,000.
The Calculation Domain, Boundary and Initial Conditions
In the algorithm, the length of the time step is equal to one of the impeller revolution. Rotation speed of the impeller is 1480 r/min. Thus, the time step was 0.0001126s. Inlet bulk mass flow rate and fixed outlet pressure boundary conditions are applied. The calculation is done on a SUGON high-performance computers using 240 CPU core.
Results and Discussion
The flow channel of the centrifugal pump impeller is more curved and the flow field is complex. Figure 2 shows the water and water vapor velocity streamline distribution. The velocity of water and water vapor in the impeller region is larger and the velocity of water vapor is closer to zero at the outlet. It can be seen that cavitation occurs mainly in the impeller region. Figure 3 shows the pressure distribution for the impeller on the pressure side and section side. The pressure is higher on the tip of impeller pressure side and it is lower at the suction side near the inlet. Figure 4 shows the water vapor volume fraction distribution for the impeller on the pressure side and section side. The volume fraction of water vapor at either pressure or suction side near the inlet is larger. Figure 5 shows the water vapor wall shear distribution for the impeller on the pressure side and section side. The wall shear stress is larger at the end of the pressure side of the impeller. Here, the pressure is higher than the critical cavitation pressure. The bubble will collapse in here. It will produce large shear stress at the blade surface. Figure 6 shows the vortex core distribution in the impeller. It is stronger near the top of the blade. 
Conclusion
In this paper, simulation of the characteristics of cavitation flow in a centrifugal pump impeller has been carried. The mixture cavitation model for the mass transfer by Kunz et al. was used in numerical simulation of cavitating flows. Simulation results show that the cavitation of the centrifugal pump mainly occurs in the impeller region. At the tip of the impeller pressure side, the pressure is higher than the critical pressure resulting in cavitation bubble collapse. The cavitation damage will occur here.
